A B S T R A C T The effect of feeding diets containing 75% glucose or fructose on liver triglyceride formation in the rat was studied by both in vivo and in vitro techniques. The results were compared with those from control rats fed laboratory chow.
INTRODUCTION
The administration of high-carbohydrate diets to man (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and experimental animals (12) (13) (14) (15) (16) (17) (18) (19) has been associated with an increase in serum triglyceride levels. Increase in serum triglyceride level may be attributed to accelerated triglyceride production, a reduction in peripheral removal of triglyceride, or some combination of these processes. Previous studies suggest that the inReceived for publication 3 Januarl 1973 and in revised forin 14 May 1973. creased serum triglyceride observed in association with high carbohydrate intake results from enhanced hepatic triglyceride synthesis (20) (21) (22) (23) . The present experiments were designed to study and compare the effects of feeding glucose or fructose to rats for 1-14 days on a) the capacity for hepatic triglyceride formation as measured in liver homogenates, b) the rate of hepatic triglyceride formation measured in vivo with [1,3-'4C] glycerol, and c) serum and liver triglyceride concentrations. The studies demonstrate that both the high-glucose and fructose diet will increase the capacity for triglyceride formation from sn-glycerol-3-P by liver preparations and simultaneously accelerate hepatic triglyceride production as measured in vivo. However, the time-course and magnitude of these changes differ for the two sugars and only fructose results in a sustained rise in serum triglyceride levels. The discrepancy in the serum triglycer-
The formation of neutral lipi( 3-P was measured with the dili enzyme source. Homogenate (( 50 mM KCl, 20 mM Tris-HC 0.7 mM dithiothreitol, 0.04 mV mM NH4 palmitate, 2.5 mg of E chemicals, Kankakee, Ill.) ai glycerol-3-P in a final volume c added to the other reagents af1 370C. 4 1A) . A concentration of ter a 2-min preincubation at 1.4 mM palmitic acid gave maximum activity with normal was started by the addition control homogenates and those from rats fed the highThe mixture was shaken sugar diets. This concentration was used in all studies to Lction stopped by addition of avoid small variations in triglyceride synthetic rate related (2:1 vol/vol). Lipids were to changes in homogenate fatty acid content. The formation h, Lees, and Sloane-Stanley of triglyceride was directly proportional to homogenate vas evaporated under nitro-protein concentration over a limited range (Fig. 1B) (27) . Radioactive serum glucose and glycerol were separated by thin-layer chromatography on cellulose F plates in a solvent system of butanol: acetic acid:water (80: 20:100). The appropriate areas were scraped directly into scintillation fluid containing 30% methanol, and counted.
The rate of [1,3-"C] glycerol incorporation into liver and serum lipids was determined in the intact rat from these values as described previously (28) . Total liver sn-glycerol- Fig. 2 . The rate of sn-[1,3-'4C]glycerol-3-P incorporation into triglyceride was increased substantially by feeding the 75% fructose diet as shown in Fig.   2A . The maximum change was achieved after 11 days of feeding fructose and was sustained for at least 15 days. In contrast, the effects of feeding 75% glucose were tose for 4 days and 0.498±0.052 nmol/1 5 min/mg protein in 9 rats fed 75% glucose. These changes were highly significant (P < 0.01).
The alterations in triglyceride synthesis by liver homogenates may be compared with estimates of triglyceride formation in vivo as shown in Table I and Fig. 3 . The rate of [1,3-14C] glycerol incorporation into hepatic triglyceride in the intact animal was increased fourfold in rats fed 75% fructose for 10 days, as shown in Fig. 3 , and two-fold in rats fed 75% glucose for 4 days (Table I) . Therefore, the effect of high sugar intake on the capacity for triglyceride formation by liver homogenates was accompanied by changes in triglyceride synthesis as estimated in vivo. The time-course of these changes followed a similar pattern. The hepatic concentration of snglycerol-3-P was raised in rats fed 75% glucose but not in those fed 75% fructose (Table I) . Under these experimental conditions the increased capacity for hepatic triglyceride formation produced by 75% glucose or fructose diets results in a sustained increase in serum and liver triglyceride only during 75% fructose feeding. In the steady state, achieved after 4 days of the 75% glucose diet and 11 days of 75% fructose, the net formation of serum triglyceride must be equal to net serum triglyceride removal. Since the 75% glucose diet does not result in an increased serum triglyceride level, an enhanced fractional rate of triglyceride removal apparently compensates during the change to a new steady state. In contrast, the 75% fructose diet does cause a substantial rise in serum triglyceride, indicating a less than equivalent increase in the fractional rate of serum triglyceride removal under these conditions. Presumably, net serum triglyceride removal in the rats fed 75% fructose increases to balance the higher level of the triglyceride production only after a higher serum triglyceride concentration is achieved. The response of serum and liver triglyceride concentration to the increased liver triglyceride formation was studied. A rise in serum triglyceride level was observed in rats fed 75% fructose, reaching a maximum at 3 days as shown in Fig. 4A . The rise was sustained until the end of the study. However, the serum triglyceride level in rats fed 75% glucose decreased during the first 24 h, returning to the control level by day 2-3, as shown in Fig. 4B . The same pattern was repeated in several independent experiments.
The liver triglyceride content was increased by both high-carbohydrate diets and reached a maximum by day 5 in rats fed 75% fructose (Fig. SA) . Liver triglyceride level in the rats fed 75% glucose rose until day 4 and then declined toward the control value (Fig. 5B) . Serum free fatty acid levels fell from 0.588±0.141 ALmol/ml to 0.133±0.020 Mmol/ml 1 day after the start of the 75% glucose diet, but returned to the original level by day 5 (35) . After the injection of Triton, the rise in serum triglyceride in rats fed either 75% fructose or 75% glucose for 4 days was greater than in rats fed chow, as seen in Table II . This result supports the other findings, which show enhanced triglyceride production in rats fed either of these diets. Furthermore, they indicate that triglyceride release into the serum also is increased in rats fed either high-sugar diet when compared to rats fed chow. This is shown by the finding of an increased incorporation of [1,3- (6, 9) , especially in patients with endogenous hyperprebetalipoproteinemia (1, 3) . Several investigators report that this effect is more marked when fructose is the main source of dietary carbohydrate (7, 16, 17) . The rat will tolerate up to 80% of calories as either glucose or fructose (36) , providing an opportunity to study the individual effects of these sugars in the experimental animal. Bar-On and Stein (16) have shown an increase in serum triglyceride level in rats given 10% fructose in their drinking water, whereas a similar amount of glucose did not produce this effect. In contrast, Eaton and Kipnis (37) reported an increase in serum triglyceride in rats fed 10% glucose in drinking water. In the present experiments, in which solid diets containing either 75% fructose or glucose were used, only the fructose produced a sustained rise in serum triglyceride.
The present studies examined the possibility that diets of high sugar content accelerate hepatic triglyceride production in part by increasing the capacity for fatty acid esterification. Earlier results from this laboratory suggested that a high-glucose diet would increase the rate of triglyceride formation by liver homogenates (38) . It is now shown that this effect reaches a maximum after 48 h of the high-glucose diet and results in a threeto fourfold increase in triglyceride formation. The increase is not related to detectable changes in substrate levels but is best explained by enhanced activity of one or more enzymes in neutral lipid biosynthesis (39) . This in vitro change is accompanied by a corresponding increase in hepatic triglyceride formation, as measured by ["C]glycerol incorporation in vivo, thus indicating its possible physiological significance, (41) and glucose-6-phosphatase (42) in rat intestine.
Despite the evidence that both fructose and glucose increase hepatic triglyceride formation as determined in vitro and in vivo, only fructose produces a substantial and sustained rise in serum triglyceride. In fact, the initial response to glucose is a fall in serum triglyceride level, an effect noted previously after starvation (14) and attributed to the abrupt fall in serum fatty acid levels. A similar mechanism may occur during the first 24 h of feeding glucose in the present experiments.
It is well known that the rate of triglyceride formation is not the only determinant of serum triglyceride level. The rate of triglyceride release from liver, its formation by intestine, and most importantly, the net rate of serum triglyceride removal may also influence the final serum concentration (22, 43) . Measurements of hepatic triglyceride content (Table I, Fig. 5 ) and the increased rate of [14C]glycerol incorporation into serum triglyceride in the intact rat fed a 75% glucose or fructose diet (Table  II) do not suggest that variations in hepatic triglyceride release account for the markedly different effects of the two sugars on serum triglyceride levels. The contribution of intestinal triglyceride formation under these conditions is as yet unknown but is unlikely to explain the discrepancy in serum triglyceride levels fully.
Therefore, it is concluded that high-glucose and highfructose diets probably alter net serum triglyceride removal but by different means. At the new steady state, the increased production of triglyceride must be balanced by an accelerated net triglyceride removal. For example, the rise in serum triglyceride level in rats fed 75% fructose would permit an increase in net or total triglyceride removal without requiring a rise in the fractional rate of clearance. On the other hand, high glucose intake most likely produces an early acceleration in the fractional rate of triglyceride removal that fully compensates for any increased production. This effect may be related to threefold increases in adipose tissue lipoprotein lipase activity (16) and accelerated adipose tissue lipogenesis (14, 44) , mediated by stimulation of insulin release (45) . The latter is not reported to follow fructose administration.
A portion of the difference in ultimate serum triglyceride level between the fructose and glucose groups also may be attributed to the lesser increase in hepatic triglyceride production in the rats given glucose. Nonetheless, a major factor must involve the rate of serum triglyceride removal. Identification of the exact mechanisms by which differences in the removal processes occur will require further study.
It is important to note that the changes observed in hepatic triglyceride production in these studies developed slowly, requiring 2-11 days to reach a maximum. Such changes, apparently dependent upon gradual alterations in enzyme levels or activities, could not explain any abrupt fluctuations in triglyceride production in vivo. Other factors, including variations in serum fatty acid composition and concentration (14, 46) or the rate of fatty acid oxidation (47) probably contribute to rapid changes in the rate of triglyceride biosynthesis. However, the increased capacity for esterification of fatty acid to triglyceride noted under conditions of high sugar intake should markedly enhance the effects of other stimuli to hepatic triglyceride production. A reported rise in liver fatty acid synthetase activity may increase the availability of fatty acids for esterification during high carbohydrate intake (48) . Other studies indicate that glucose administration to rats also induces a gradual increase in prebeta lipoprotein biosynthesis (37) , thus facilitating an accelerated delivery of lipoprotein triglyceride to the serum. These several biochemical alterations may explain the observation that high carbohydrate intake increases net triglyceride production in both normal and hyperlipemic man (22, 43, 49) .
